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We succeeded the observation of microstructures in bulk-sized specimens of over 10 mm in thickness by
employing a technique that combines transmission electron microscopy (TEM) with energy-ﬁltered
imaging based on electron energy-loss spectroscopy (EELS). This method is unique in that it incorporates
the inelastically scattered electrons into the imaging process. Using this technique, bright and sharp
images of dislocations in crystalline silicon specimens as thick as 10 mm were obtained. A calibration
curve to determine foil thickness of such a thick specimen was also derived. This method simply extends
the observable thickness range in TEM. If combined with tilt series of observation over a signiﬁcant range
of angle, it will disclose three dimensional nanostructures in a mm-order block of a specimen, promoting
our understanding of the controlling mechanisms behind various bulky material properties.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Materials science requires experimental techniques to de-
termine the interior structures of materials in order to elucidate
their microstructural components, such as lattice defects, so that
they can control or tune the physical/chemical properties of such
materials Transmission electron microscopy (TEM) is one of the
most powerful technique for imaging of the microstructures of
crystalline materials. However, the permissible specimen thick-
ness for TEM-based observations is limited to a few hundred
nanometers, for conventional TEM with an accelerating voltage of
200–300 kV, owing to degrading of the spatial resolution by in-
crease of inelastically scattered electrons. The original structures of
dislocations are hardly maintained in such thin specimens since
most of the dislocation segments are removed from the bulk
crystals during the thinning process. If a method of observing
dislocations with an enough resolution in thick specimens while
maintaining their original structures is established, we can sig-
niﬁcantly promote our understanding of fundamental mechanisms
governing mechanical properties, such as yield strength, work-
hardening, toughness and so on, of crystalline bulk materials by
bridging details of atomistic dislocation behaviors to mesoscopic
or macroscopic bulky deformation processes. The ductile-brittleB.V. This is an open access article u
.jp (S. Sadamatsu).transition with temperature change is one of the most serious is-
sues in engineering materials, since it could lead to major acci-
dents of constructed structures. It is known that dislocations
densely generated from crack tips govern the propagation of
cracks, namely the fracture behavior of structure materials. One
therefore must characterize dense dislocation structures around
crack tips in bulky materials to understand the fundamental me-
chanisms involved in the ductile-brittle transition [1]. X-ray to-
pography is known as a powerful method to observe dislocations
in bulk crystals [2,3]. However, the spatial resolution is not enough
for detailed characterization of each line segment included in
densely tangled dislocations, suggesting the requirement for
methods with higher resolutions such as the order of a few tens
nm. If one could develop a novel technique which enables to
distinguish each dislocation segment in mm-thick, it will make a
major breakthrough in quantitative analyses for crack-dislocation
interactions which control macroscopic fracture toughness [4,5,6].
As it is well known, the penetration power of incident electrons
in TEM is enhanced with increase of the accelerating voltage. A
high voltage electron microscope (HVEM) whose accelerating
voltage is 1 MV or higher is quite powerful for observation of
thicker specimens in a high spatial resolution [7]. But the ob-
servable thickness is still limited at most to a few micron meter for
usual structural materials, being not enough to the above purpose.
In order to overcome this limitation, in this study, we combined
electron energy-loss spectroscopy (EELS) with HVEM, taking ad-
vantage of a unique JEM-1300NEF equipped with an in-columnnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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incorporates the inelastically scattered electrons into the imaging
process. Energy ﬁltering was employed to select transmitted
electrons within a narrow speciﬁc window of the energy dis-
tribution to the imaging. Hence, one can obtain a high contrast and
sharp dislocation image from a 10 mm-thick silicon specimen that
is nearly 100 times thicker than that observable using conven-
tional TEM [9].2. Material and methods
Commercially available P-type (001) silicon wafers were used
in this study. Cracks extending in the o1104 directions were
introduced at room temperature using a micro-Vickers hardness
tester with a load of 200 g and a dwell time of 5 s. The crack planes
were almost normal to the o1104 directions. The indented
samples were heated up to 873 K for 1 h to promote the thermally
activated motion of the dislocations around the crack tip, since
little plastic deformation was expected at room temperature ow-
ing to a high Peierls potential for dislocation gliding. The crack-tip
region was then thinned for electron transparency using an ion
milling machine (Gatan 691).
The HVEM used in the present study was JEOL, JEM-1300NEF at
the Research Laboratory for High Voltage Electron Microscopy,
Kyushu University, and it was operated at an accelerating voltage
of 1250 kV. As mentioned before, this HVEM is equipped with an
in-column omega-type energy ﬁlter [8], and energy ﬁltered ima-
ging of a broad specimen area is available at such a high accel-
erating voltage. The net penetration thickness for the incident
electrons, t was continuously increased from the foil thickness t0
with the specimen tilt angle, θ as t¼t0/cos θ.3. Results and discussion
3.1. EELS as a function of ﬁlm thickness
Fig. 1(A) and (B) shows EELSs for crystalline silicon specimens
so thin as approximately 0.01 mm and 1.2 mm, respectively, as re-
ferences for the later discussion. Fig. 1(A) shows a very simple
structure with a major zero-loss peak and a subsidiary peak due to
plasmon excitation at around 16.5 eV. The energy-loss distribution
spreads within 40 eV. The energy loss of incident electrons due toFig. 1. EELS for specimens of different thickness. Units of intensity are arbitrary.inelastic scattering gets pronounced in a thicker specimen as
shown in Fig. 1(B). Plural peaks are formed at almost even inter-
vals on signiﬁcantly intensiﬁed background extended to 150 eV
and more. As is well known, the plural peaks result from multiple
excitations of plasmons. In contrast to energy-loss electrons, the
zero-loss peak gets much weakened in Fig. 1(B). We could not
recognize the zero-loss peak any more for the specimens as thick
as 4 mm and more.
Fig. 2 shows a series of the energy-loss spectra when net spe-
cimen thickness is varied from 6 μm to 10 μm. Here, the diffrac-
tion vector, ghkl, was taken to be 220 for all spectra. It should be
noted that the intensity value (y-axis) was normalized by the peak
intensity in each spectrum. In contrast to the EELSs proﬁles shown
in Fig. 1, EELSs from areas thicker than 6 mm show hillock shapes
spreading over a wide energy loss range without any characteristic
peaks. The zero-loss peak does not appear any more since all in-
cident electrons have experienced inelastic scattering processes.
The clear sharp peaks of EELS seen in Fig. 1 disappear in such the
thick specimens as shown in Fig. 2. The dull shape of EELS in Fig. 2
is most likely to result from integration of statistical multiple
scatterings of various inelastic processes with different energy
thresholds. With the increase of thickness, the energy distribution
gets wider and wider, and the hill peak shifts to deeper level in
loss energy.
The energy-loss values giving the peak intensity ΔEp are plot-
ted as function of net specimen thickness in Fig. 3. One may
conﬁrm here that the experimentally obtained ΔEp's increase
systematically with the net thickness of specimen, drawing a
monotonic line. This line can be used as a calibration curve for
estimating a specimen thickness. The values of ΔEp, can be eval-
uated on the Landau theory [10,11] by the following equation:
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where J is the mean ionization energy when electrons pass
through a crystal, x is the mass-thickness, NA is Avogadro's num-
ber, v is the electron velocity, c is the speed of light, E0 is the
electron energy according to the theory of relativity, e is the charge
in a electron, e0 is the permittivity in a vacuum, A is the atomic
mass, and Z is the atomic number. However, the theoretically ob-
tained curve of ΔEp estimates much higher values than the ex-
perimental ones. The similar tendency has been also reported by
Kamiya et al. [12], Perez et al. [13] and Whitlock et al. [14]. This
discrepancy is probably due to the fact that the Landau theory
takes only account of the mean ionization potential J as seen in Eq.
(1), while other inelastic interactions with lower energy transfer
are neglected. The line drawn with the experimental values is
quite useful to evaluate the thickness for such a thick specimen as
the zero-loss peak no more appears, since the conventional log-
ratio method relies on the zero-loss peak remaining in EELS [15].
3.2. Energy ﬁltering optimization to obtain sharp images of
dislocations
Fig. 4 is a ﬁltered bright-ﬁeld (BF) image around a crack tip. The
net thickness was 6.5 μm. The energy selection slit of the omega
ﬁlter was placed at 700 eV with the width of 50 eV. As the dif-
fraction condition was set to be ghkl ¼220, dislocations clearly
appears with clear diffraction contrast in the whole area in Fig. 4.
The broken lines indicate the intersections of a crack plane with
the specimen surfaces. Moiré fringes are also clearly recognized
within the crack plane. One may see that many dislocations have
been densely generated around the crack and they are individually
observed with an enough resolution. This result suggests well this
technique to be powerful for observation of a μm-order thick
Fig. 2. Diffraction patterns for ghlk¼220 and energy-loss spectra with these diffraction conditions. Units of intensity are arbitrary, specimen thickness is 6.3 mm, net thickness
increases with tilt angle.
Fig. 3. Energy-loss value for peak intensity versus specimen thickness. Three
specimens, the thickness of which were 1.3 μm, 3.0 μm and 6.3 μm were employed
for the measurement. Substantive thickness was changed by tilting each specimen
in TEM.
Fig. 4. Bright-ﬁeld image around a crack tip. Specimen thickness is 6.5 mm. The
exposure time is 20 s.
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Bright-ﬁeld images of a region close to the tip front, which is
encircled by a white square in Fig. 4, are compared in Fig. 5A as a
function of selected energy loss range. Here, the slit width was
ﬁxed to be 50 eV, and the center of the slit was replaced at the
energy loss of 100, 300, 500, 700, 900, 1100 and 1300 eV, as is
illustrated in the energy loss distribution in Fig. 5B. The diffraction
vector was ﬁxed to be 220 for all images. For reference, Fig. 5A
(a) shows the non-ﬁltered image which is blurred by the effects of
chromatic aberration due to the inelastic scattering. In order to
determine the optimum entry position of energy slit, the depen-
dence of dislocation contrast on the energy slit position was in-
vestigated in detail. Fig. 6B shows a line proﬁle of image intensity
along a white line indicated in Fig. 6A, which intersects two seg-
ments of dislocations. The two cusps observed in the proﬁle cor-
respond to the positions of the dislocation segments. The mean
brightness of the image background was estimated in adislocation-free square region close to the dislocation segments,
which is indicated by white line in Fig. 6A. The dislocation contrast
was then quantitatively deﬁned as the difference in brightness
between the bottom at the dislocation segment and the mean
background. Fig. 6C summarizes the image contrast of dislocation
thus evaluated as a function of the center position of the energy
slit. This ﬁgure indicates that the image contrast is well correlated
with the energy position where the energy slit is inserted, as
shown in Fig. 5B. The highest contrast is obtained at the energy
loss of 700 eV for the intensity peak in EELS. It is indicated that the
optimum slit position is located at the intensity peak of EELS.
Next, the relationship between the energy slit width and the
sharpness of the image is investigated in order to determine the
optimum slit width. Fig. 7 shows bright-ﬁeld images of the same
region ﬁltered with deferent widths of energy slit. Here, the slit
Fig. 5. (A) Image variation with slit position of the area within the square in Fig. 4. (B) Energy-loss distribution and inserted slit position.
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proved as the optimum position now. In order to quantify the
blurring of dislocation images, the half width at half maximum
(HWHM) of dislocation contrast indicated by a white line in Fig. 8A
was evaluated as shown in Fig. 8B. The results are plotted in
Fig. 8C. It is clearly demonstrated that the dislocation contrast gets
broadened with slit width. The broadening of dislocation image is
due to the effect of the chromatic aberration pronounced with the
slit width.Fig. 6. (A) Bright-ﬁeld image of the same area as Fig. 5. (B) Line proﬁle along the line
center value.The HWHM is approximated to be a linear function of the en-
ergy slit width. Here, the relationship between the HWHM and
energy slit width was experimentally formulated using the least
squares method as
= × Δ + [ ] ( )− EHWHM 0.78 10 21.7 nm , 22
where ΔE is the energy slit width in the unit of eV. The second
terms on the right hand side of Eq. (2) corresponds to the HWHM
of the dislocation contrast without chromatic aberration.in (A). (C) Gray-value gap between dislocations and background versus energy slit
Fig. 7. Image change with varying energy slit width. The energy slit is centered at 700 eV. The slit widths of images (a) to (h) are 12, 32, 52, 80, 150, 250, and 350 eV,
respectively. The exposure time is 20 s for each width.
Fig. 8. Bright-ﬁeld image at the same area as Fig.7. (B) Line proﬁle along the dashed line in (A). (C) Half-value width versus energy slit width. The values were all obtained
along the line in (A).
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plane is given by:
β= Δ ( )r C
E
E
, 3c
where β is the convergent angle of electrons, Cc is the chro-
matic aberration coefﬁcient, ΔE is the energy dispersion of the
electron, and E is the incident beam energy. The values of β and Cc
in the present study are 13.89 mrad and 4.1 mm at an accelerating
voltage of 1250 kV, respectively. Thus the value of r is given as a
function of ΔE, such as:
= Δ [ ] ( )−r E4.56x10 nm . 42
The linear coefﬁcients in Eqs. (2) and (4) are comparable to
each other, but the former is approximately 6 times smaller than
the latter. That is, the actual broadening of image contrast, or the
degrading in special resolution due to ΔE is not so serious as the
theoretical expectation from Eqs. (3) and (4). The resolution would
become better if one would set a narrower slit. But it naturally
makes the image gloomy, and reduces S/N ratio of the contrast as
shown in Fig. 7. Longer time is required not only in imageexposure for recording but also in image focusing. It leads to other
bad effects that reduce image quality, such as specimen drift, ir-
radiation damage, and so on. Therefore, the optimum slit width
condition for energy ﬁltering is considered to be as narrow as one
can adjust the focus of imaging. Since the slit width is a practical
parameter in experiment, it should be dynamically changed to the
optimum value for each image, which also depends on the re-
solution necessary for the observation.
3.3. Observation of a thick specimen with tilting series
In order to obtain the brightest and sharpest dislocation ima-
ges, an energy slit with a width of 80 eV was placed at the energy-
loss values corresponding to the peak intensities. The 80 eV value
was the minimum slit width allowing for adjustment of the dis-
location image focus in this experiment. Note that the center po-
sition of the energy slit was changed slightly according to the net
specimen thickness since the highest intensity energy-loss value
depends on specimen thickness as shown in Fig. 2.
Fig. 9A is the spectrum of a specimen with an apparent thick-
ness of almost 10 mm, indicating a single large hump spread over
3 keV, with the peak of the hump located at approximately
Fig. 9. (A) Energy-loss distribution from specimen with 10-mm net thickness. The energy slit was inserted at the 1360 eV position in the spectrum. (B) Bright-ﬁeld image
without energy ﬁltering at a crack tip. (C) Bright-ﬁeld image with energy ﬁltering at the same area as (B). The exposure time is 120 s.
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observation without energy ﬁltering, where the crack and dis-
locations are faintly visible but they are indistinguishable. In order
to minimalize the chromatic aberration, an energy slit was in-
serted at approximately 1360 eV in the spectrum shown in Fig. 9A.
Fig. 9C shows the ﬁltered image of roughly the same area as that
shown in Fig. 9B, where the quality of the image is drastically
improved. Not only chromatic aberration but also astigmatism
were eliminated in Fig. 9C by insertion of the energy slit. This is
due to the fact that the astigmatism along the energy dispersion is
removed by the addition of the energy slit. This technique of
combining HVEM with energy-ﬁltered imaging enables the ob-
servation of bulk-sized (such as 10 mm-thick) specimen micro-
structures, which highly contributes to quantitative analyses for
the effect of the dislocations on the stress distribution around the
crack tip.
Finally, a sequential tilt series was performed to investigate the
three dimensional structure of dislocations. Fig. 10 shows a tiltingFig.10. Series of tilting imaseries of the same specimen as shown in Fig. 9 under the two-
beam condition with the diffraction vector of ghkl¼220. Fig. 10(a)–
(d) show the snapshots obtained by tilting angles of 3.9°, 10°,
28.8°, 40.4°, respectively, from the [001] foil normal incidence.
Since the actual specimen thickness was 6.3 mm, the net specimen
thicknesses became 6.3, 6.5, 7.3, and 8.2 mm for the respective
tilting angles. The energy slit position and slit width were opti-
mized in each image. The positions of energy slit center employed
for Fig. 10(a)–(d) are located at the maximum intensity points of
700, 720, 820, and 1000 eV in Fig. 2(A)–(D), respectively.
In the present study, the observed volume was 15.5
17.46.3 mm3, which is signiﬁcantly larger than that observable
with conventional 200 kV-type TEM. Since dislocation structures
are mesoscopic in three-dimensions, dislocation characterization
is essential for volume sizes as large as that used in this study.
Large dislocation loops with the size of more than 20 μm are ob-
served around the crack tip, indicated by arrows in Fig. 10. They
were characterized to be lying on the same (111) plane. Theges around a crack tip.
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termined to be 0.87 mm. The distance between the dislocations
along the z-axis was 0.71 mm. Thus, this method can be a unique
technique which enables the characterization of dislocations
spreading over in the 3-D space of 10 μm size with the resolution
less than a few ten nanometers.
One of the applications of this novel technique is combining
with electron tomography. However, there must be such problems
as missing wedge and depth of focus when the method is com-
bined with tomography in thick specimens. The problems could be
overcome by such a new reconstruct method as discrete tomo-
graphy or compressed sensing method. We believe that the ob-
servations with thick specimen must contribute to the advance
materials science.4. Conclusions
The effect of inelastic scattering on the diffracted electrons
cannot be neglected when analyzing thick specimens, even in
observations using high-voltage electron microscopy and con-
ventional 200 kV-type TEM. The highest energy-loss value in an
energy-loss spectrum increases with the thickness of the specimen
through which the electrons penetrate, and the inelastic diffrac-
tion of electrons results in chromatic aberration, which reduces
image quality. The present study suggests a technique using en-
ergy-ﬁltering to regulate the energy spread of inelastic electrons in
a short range, which succeeded in facilitating observation of mi-
crostructures in bulk-sized specimens with thicknesses of over
10 mm. In addition, a calibration curve to determine the thick
specimen thickness was also presented using EELS. This technique
should enable the elucidation of bulk nanostructures and helpfurther our understanding of the controlling mechanisms behind
various material properties.Acknowledgments
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